It is notoriously difficult to name odours. Without the benefit of non-olfactory information, even common household smells elude our ability to name them. The neuroscientific basis for this olfactory language 'deficit' is poorly understood, and even basic models to explain how odour inputs gain access to transmodal representations required for naming have not been put forward. This study used patients with primary progressive aphasia, a clinical dementia syndrome characterized by primary deficits in language, to investigate the interactions between olfactory inputs and lexical access by assessing behavioural performance of olfactory knowledge and its relationship to brain atrophy. We specifically hypothesized that the temporal pole would play a key role in linking odour object representations to transmodal networks, given its anatomical proximity to olfactory and visual object processing areas. Behaviourally, patients with primary progressive aphasia with non-semantic subtypes were severely impaired on an odour naming task, in comparison with an age-matched control group. However, with the availability of picture cues or word cues, odour matching performance approached control levels, demonstrating an inability to retrieve but not to recognize the name and nature of the odorant. The magnitude of cortical thinning in the temporal pole was found to correlate with reductions in odour familiarity and odour matching to visual cues, whereas the inferior frontal gyrus correlated with both odour naming and matching. Volumetric changes in the mediodorsal thalamus correlated with the proportion of categorical mismatch errors, indicating a possible role of this region in error-signal monitoring to optimize recognition of associations linked to the odour. A complementary analysis of patients with the semantic subtype of primary progressive aphasia, which is associated with marked temporopolar atrophy, revealed much more pronounced impairments of odour naming and matching. In identifying the critical role of the temporal pole and inferior frontal gyrus in transmodal linking and verbalization of olfactory objects, our findings provide a new neurobiological foundation for understanding why even common odours are hard to name.
Introduction
Among the more enigmatic phenomena in human sensory perception is a 'physiological' olfactory anomia-a naming deficit for smells. Perfectly healthy individuals have great difficulty naming and identifying odours that are highly familiar to them and show improvement only when provided with relevant non-olfactory cues (Cain, 1979; Cain et al., 1998) . Odours might evoke a strong sense of overall recognition (familiarity), but in contrast with 'tip of the tongue' states where the first letter of the name of a person, place, or object can be generated (Brown and Mcneill, 1966) , the first letter of an odour's name is rarely retrieved. Such findings suggest that a processing failure occurs even before the name retrieval stage (Jonsson and Olsson, 2003) . Although the cause of this naming failure is disputed, inefficient perceptual discrimination, cognitive or affective interference and competition, and a breakdown of lexical-semantic integration have been proposed as plausible mechanisms (Herz and Engen, 1996; Lorig, 1999; Yeshurun and Sobel, 2010) .
Across different sensory modalities, object naming is likely to share a similar neurocognitive framework: sensory inputs activate object representations in sensory-specific association cortex, which, through transmodal nodes, activate knowledge-based representations in the language network to support word selection (Mesulam, 2000) . As used here, the term 'transmodal' refers to brain areas that support cross-modal sensory integration. With regard to the olfactory modality, increasing evidence from animals and humans indicates that perceptual representation of odour objects and categories are encoded in the piriform cortex (Gottfried, 2010) . However, the route by which piriform representations of odour objects gain access to the language network is poorly understood. The fact that odour naming is so impoverished even in healthy individuals raises the possibility that the olfactory system is relatively isolated from cortical areas mediating object naming and recognition.
Combining neuropsychological and cortical MRI assessments from patients with neurodegenerative language impairment, we attempted to localize the neural substrates underlying odour naming and recognition. Specifically, we tested olfactory perceptual functions (Fig. 1 ) in patients with primary progressive aphasia (PPA), a clinical syndrome characterized by progressive decline of language skills initially in the absence of other cognitive or sensory-perceptual deficits (Mesulam, 2001; Gorno-Tempini et al., 2004; Mesulam et al., 2008) . Because PPA is associated with widespread cortical atrophy in the left perisylvian language network (Mesulam, 2001) , this group of patients constitutes a suitable 'lesion model' to investigate olfactory-language interactions, specifically by correlating measures of behavioural performance with measures of cortical integrity. Such procedures have been used previously for clarifying cortical relationships with nonolfactory language measures (Mion et al., 2010; Sapolsky et al., 2010; Rogalski et al., 2011b) .
Our main objective was to identify the cognitive and neural mechanisms involved in translating odour inputs into recognizable and nameable objects. Several brain areas can be hypothesized to play complementary roles in these processes, including the temporal pole, the inferior frontal gyrus and the mediodorsal thalamus. The temporal pole is of particular interest; it is virtually adjacent to the piriform cortex (Fig. 2) . Neuroanatomical tracer studies in monkeys have shown that olfactory associative inputs from the piriform cortex project directly to the dorsomedial, agranular sector of the temporal pole, which also receives limbic and paralimbic inputs from amygdala and orbitofrontal cortex (Moran et al., 1987) . In turn, visual and auditory associative inputs terminate on more differentiated granular sectors of the ventrolateral and dorsolateral temporal pole, respectively (Markowitsch et al., 1985; Moran et al., 1987; Kondo et al., 2003) . This confluence of multisensory processing streams within the temporopolar cortex would provide an expedient route (Mesulam et al., 2009a; Schwartz et al., 2009; Hurley et al., 2012; Mesulam et al., 2012) by which odour object information engages transmodal components of the language network. Severe atrophy in this region, typically arising from semantic dementia, leads to associative agnosia and a loss of multimodal semantic knowledge (Warrington, 1975; Hodges et al., 1992; Markowitsch, 1995; Snowden et al., 2004; Brambati et al., 2006; Patterson et al., 2007; Mesulam et al., 2009a) . Lesions in the vicinity of the temporal pole have been shown to impair both object naming and object recognition (Tsapkini et al., 2011) , and can induce food preference changes and hyperorality in monkeys, perhaps reflecting a disconnection between food-related odour representations and knowledge-based associations in heteromodal cortical areas (Horel et al., 1975; Kling et al., 1993) .
As a major component of the language network, the inferior frontal gyrus has been implicated in tasks requiring verbal knowledge, for example, synonym matching and retrieval of abstract concepts (Binder et al., 2009; Liakakis et al., 2011) , and functional connectivity analyses suggest that top-down feedback from inferior frontal gyrus to the temporal pole helps maintain language network function (Warren et al., 2009) . Human olfactory imaging studies indicate that the inferior frontal gyrus is specifically engaged during cognitive processing of familiar odours (Royet et al., 1999 (Royet et al., , 2001 Savic and Berglund, 2004) , and is involved in maintaining information about highly nameable odours in working memory (Zelano et al., 2009) . These findings suggest a possible role for the inferior frontal gyrus in olfactory verbalization.
With regard to the mediodorsal thalamus, direct olfactory inputs from piriform cortex have been documented anatomically and electrophysiologically (Yarita et al., 1980; Price and Slotnick, 1983; Moran et al., 1987; Russchen et al., 1987) , and dense projections from the anterior temporal pole onto the mediodorsal thalamus (Russchen et al., 1987) could provide opportunity for integrating odour information with representations in other sensory domains. Our prior imaging work has found that attention to odour modulates the connectivity strength between piriform cortex and mediodorsal thalamus (Plailly et al., 2008) , and that the mediodorsal thalamus generates a prediction error signal during delivery of unexpected (versus expected) odour stimuli (Zelano et al., 2011) . These results are congruent with recent neuropsychological findings (Tham et al., 2009 ).
The present study primarily centred on patients with non-semantic PPA, including logopenic and agrammatic variants. These patients show reduced word-finding, fluency and syntax, but relatively preserved language comprehension and object knowledge (Gorno-Tempini et al., 2011) . A systematic testing battery, including olfactory perceptual ratings, odour naming, pictureodour and word-odour matching, and picture-word matching, enabled us to correlate these scores with cortical thickness measurements, and to distinguish between perceptual, semantic and verbalization contributions to olfactory naming impairments. We hypothesized that patients with non-semantic PPA (versus control subjects) would be highly impaired in odour naming because olfactory information might have an intrinsically tenuous access to lexical representations available for verbalization, such that odour naming would be more vulnerable to perturbations arising from neurodegenerative changes in the language network. However, because olfactory perceptual and semantic information should be largely preserved in non-semantic PPA, we predicted that the availability of picture or word cues should largely rescue the olfactory naming impairment. Finally, we hypothesized that if the temporal pole links olfactory objects to transmodal representations subserving recognition, then cortical thickness in this region would correlate most strongly with olfactory test measures of recognition.
Note that although the semantic variant of PPA is strongly associated with temporal pole atrophy (Gorno-Tempini et al., 2004; Mesulam et al., 2012) , we mainly focused on non-semantic PPA. Cortical atrophy in non-semantic PPA is distributed in several Figure 2 Architectonics of the temporal pole and adjacent olfactory cortex. This photomicrograph shows agranular/ peri-allocortical (TPa-p), dysgranular/peri-isocortical (TPdg), and granular/isocortical (TPg) zones of temporopolar cortex (boundaries demarcated by open circles). The piriform olfactory allocortex (POC) immediately overlies TPa-p, which itself is flanked by TPdg. White stars indicate granular layers 2 and 4 in TPdg and TPg. CL = claustrum; Ia-p = insula, agranular/periallocortical. Reproduced from Moran et al. (1987) , with permission.
areas, including the left temporoparietal region (logopenic variant) and inferior frontal gyrus (agrammatic variant) (Gorno-Tempini et al., 2004; Mesulam et al., 2012) , but there is also involvement of the temporal pole and anterior temporal lobe in patients with non-semantic PPA (Rogalski et al., 2011b) . In contrast, the profound atrophy in semantic PPA would likely yield minimal variability in temporal pole thinning between patients with semantic PPA, and also extensively disrupt all olfactory-associative functions, weakening the ability to detect significant correlations to behaviour. Nevertheless, we did conduct a complementary analysis in patients with semantic PPA, to validate the role of the temporal pole in linking odour representations to the language network, and to contrast our findings with the non-semantic PPA data set. Based on prior work indicating that patients with semantic dementia are broadly impaired on olfactory-related language tasks (Luzzi et al., 2007; Rami et al., 2007; Piwnica-Worms et al., 2010) , we anticipated that the semantic PPA group would show marked odour naming and recognition deficits (Gorno-Tempini et al., 2004; Mesulam et al., 2009a) .
Materials and methods

Participants
The diagnosis of PPA was made on the basis of progressive language impairment as the principal presenting feature and fulfilment of established ancillary criteria (Mesulam, 2001) . Aphasia was established through the Western Aphasia Battery (Shewan and Kertesz, 1980; Kertesz, 1982) , and clinical progression of aphasia was established through history taken from the patient, medical records, and from at least one other informant. Patients with non-semantic PPA were differentiated from those with semantic PPA as per previously published criteria (Gorno-Tempini et al., 2011) . To be considered for participation, participants also had to be right-handed according to the Edinburgh scale (Oldfield, 1971) . No participant reported any other neurological or psychiatric disorder, except for one patient with mild depression.
Three patients were excluded because of self-reported chronic smell problems, inability to perform the olfactory tasks due to complete muteness, or inability to comprehend task instructions, resulting in a final sample of 12 patients with non-semantic PPA, eight patients with semantic PPA and 12 control subjects. Table 1 provides group demographic and cognitive data, and Table 2 provides individual clinical, cognitive and demographic data for patients with non-semantic PPA. Duration of disease at the time of testing varied from 1 to 4.5 years for patients with non-semantic PPA and 2 to 7.5 years for patients with semantic PPA. Note that data from two different control groups were used. Olfactory behavioural results from the patients with PPA were compared with results from the control group of 12 participants mentioned above. However, group-based results showing regional distributions of MRI cortical thinning in the patients with PPA were compared with those from an independent group of 27 healthy participants who did not undergo olfactory testing (see below). This latter group has been previously used as a reference population in published studies of PPA (Rogalski et al., 2011a, b; Mesulam et al., 2013) , and for clarity will be referred to as the MRI control reference group.
Study protocol standards
Patients were recruited for participation in the study from our PPA Research Programme, funded by the National Institute on Deafness and Other Communication Disorders, and tested at the Cognitive Neurology and Alzheimer's Disease Centre at Northwestern University Feinberg School of Medicine. Age-matched healthy control subjects were recruited among volunteering subjects at the Cognitive Neurology and Alzheimer's Disease Centre. Informed consent was obtained from all control subjects and from all patients with PPA (or their caregivers) to take part in the study, which was approved by the Northwestern University Institutional Review Board.
Cognitive testing
To characterize the cognitive impairment in the PPA group, scores on the Mini-Mental State Examination (MMSE) (Folstein et al., 1975) and Boston Naming Test (BNT) (Kaplan et al., 1983) were assessed. For the MMSE, the patient performs a variety of cognitive tasks engaging memory, orientation and language, with a maximum score of 30. For the BNT, the patient is asked to name the objects depicted in 60 line drawings, which decrease in frequency and increase in difficulty from the beginning to end of the test. The BNT engages visual naming systems and has been shown to be sensitive to language dysfunction in PPA (Gorno-Tempini et al., 2011).
Olfactory stimuli
Odour stimuli consisted of eight common smells that varied in pleasantness and edibility: peanut butter, orange, rose, baby powder, cheese, garlic, gasoline and cigarette ash ( Fig. 1 ). On the basis of pilot testing, each odour was correctly named by at least 5 of 10 healthy young adults (aged 19-32 years) and was not systematically misidentified as other test items or response alternatives in pictureodour and word-odour matching tests. All odours were obtained from natural samples except for rose and orange, which were obtained from essential oils.
Word and picture stimuli
Word and picture cues were presented in the form of charts for the odour-matching tests (Fig. 1 ). These charts consisted of the eight words (or pictures) corresponding to the eight odours, plus another eight foil items whose corresponding odours also varied in pleasantness and edibility: chewing gum, banana, pine needle, wood, cabbage, fish, rotten egg and asphalt. This yielded 16 response options, with targets and foils varying along major valence and edibility dimensions (Zarzo, 2008) . Items were arranged in the charts randomly in a 4 Â 4 matrix. Note that other assessments such as the Smell Identification Test, a widely used four-choice test to assess word-cued odour identification, provide a single score to summarize olfactory ability (Doty et al., 1984) . However, our aim to uncover mechanisms underlying olfactory naming impairment in PPA (e.g. perceptual, semantic, verbalization) motivated a customized assessment where the retrieval support was manipulated (naming, picture-odour matching, or word-odour matching), resulting in three scores.
Procedure
The olfactory test battery proceeded in several steps. First, patients participated in a test of odour naming. On each trial, one of the eight odours was presented in a randomized order, and the patient was instructed to sniff the stimulus and try to name it. Perceptual ratings of odour intensity, pleasantness, familiarity and edibility were also obtained at this time, using scales ranging from 1 (low) to 5 (high). Participants were permitted to smell a given odour more than once during the trial, as needed, while performing ratings, and after completing the ratings. This procedure was designed to optimize naming performance and to minimize potential confounds related to working memory or task demands. Participants were reminded to provide specific names (avoiding superordinate terms such as 'pleasant' or 'food' if possible) but were not given cues or corrective feedback during the naming portion of the test. Furthermore, participants were encouraged to make a guess in cases where they did not spontaneously provide an odour name. Following the odour naming test, patients were introduced to the 16-item word and picture charts (order counterbalanced across subjects) and then asked to read the words and name the pictures to assess word reading and visual object naming. In case of errors, the experimenter provided the correct word and an error was noted. After the assessment of word reading and object naming, odour matching was formally assessed with the word chart or picture chart, in which participants selected a response by naming (or pointing to) the item best corresponding to the odour. The relative order of the picture and word conditions was randomized, as was the odour presentation order in each condition. Chance-level performance for the odour matching tests was 6%, or 1 out of 16. Participants then performed a control task where they were verbally cued to point to eight different objects in the picture chart, to ensure intact semantic matching of visual objects to their names. Picture objects were chosen that were not represented in the odour set, in order to minimize effects of odour priming potentially arising from the main tests.
Odour naming and matching responses were coded as either hits (1) or misses (0). Because the eight odorants varied along the dimensions of pleasantness and edibility (comprising four perceptual categories: pleasant edible; pleasant inedible; unpleasant edible; unpleasant inedible), we were also able to quantify the proportion of within-category and between-category matching errors. Based on a total of 16 items within the picture and word charts, there were three within-category foils and 12 between-category foils for a given odorant, resulting in a within-category by-chance error rate of 20%, i.e. 3/(3 + 12). Thus, incorrectly matching rose odour to the picture of baby powder would be scored as a within-category error (both are perceived as high in pleasantness and low in edibility), whereas incorrectly matching rose odour to the picture of peanut butter would be scored as a between-category error (since the items differ in edibility). Critically, this measure (number of between-category errors subtracted from number of within-category errors) is independent of odour matching accuracy rates, and enabled us to assess the degree to which patients were able to update their choices on the basis of error signalling; more between-category than within-category mismatches would suggest that patients had greater difficulty in updating their choices effectively. In a final step, participants underwent a three-way forced-choice ('triangle') odour discrimination test. The goal of this task was to identify the 'odd one out' in sets of three odour bottles, with chance performance at 33% (Bartoshuk, 1978; Doty and Laing, 2003) . Participants were asked to distinguish between phenethyl alcohol (with a pleasant rose-like smell) and vanillin, and between phenethyl alcohol and isovaleric acid (with an unpleasant sweat-like smell). Odours were presented at iso-intensity and a total of four trials were obtained per participant.
Magnetic resonance imaging
Structural MRI scans were acquired and reconstructed with the FreeSurfer image analysis suite (version 4.5.0) as previously described (Mesulam et al., 2009a) . Cortical thickness maps of non-semantic and semantic PPA groups were statistically contrasted against the averaged map from an MRI control reference group of 27 healthy volunteers who did not take part in the olfactory experiment (as discussed above). Differences in cortical thickness between groups were calculated by conducting a general linear model on every vertex along the cortical surface. False Discovery Rate (FDR) was applied at 0.05 to adjust for multiple comparisons and to detect areas of peak cortical thinning (i.e. atrophy) in PPA groups compared with control subjects (Genovese et al., 2002) .
Based on the structure of our olfactory task, we selected five regions of interest that corresponded to core language, visual associative, and olfactory networks (Figs 2 and 3) . Note that control participants did not undergo MRI scanning, given that cortical thickness measures in Figure 3 Cortical atrophy patterns in non-semantic PPA patients compared to an MRI control reference group that was not part of the olfactory study. Red and yellow areas designate significant sites of thinning (atrophy) in patients compared to control subjects, depicted on left hemisphere (A) and right hemisphere (B) lateral views. Significance was set at FDR 0.01 and displayed as À log 10 (p) values on the flame scale. The cortical regions of interest used for correlation analyses are shown on images of the lateral (C) and ventral (D) left hemisphere. These included temporal pole (TP), fusiform gyrus (FG), supramarginal gyrus (SMG), and inferior frontal gyrus (including pars triangularis, PT, and pars opercularis, POp). Not visible in figure are piriform cortex (PCx) and mediodoursal thalamus, though white '*' indicates approximate PCx location within dorsomedial aspect of the anterior medial temporal lobe.
this group were likely to be relatively preserved and therefore minimally informative in comparison with the patient group. Data analysis was restricted to left hemispheric regions of interest due to the left lateralization of language function and the distinctly left-sided cortical atrophy in most patients with PPA. The language regions of interest spanned areas commonly affected in PPA, including inferior frontal gyrus (both pars opercularis and pars triangularis), involved in retrieval and selection of lexical-semantic information (Thompson-Schill et al., 1997; Wagner et al., 2001; Moss et al., 2005) , supramarginal gyrus, disruption of which results in phonological (Rohrer et al., 2010) and grammatical (Rogalski et al., 2011a) impairment, and the temporal pole. The visual associative region of interest included the full rostral-caudal extent of the fusiform gyrus, implicated in storage of lexical and visual object representations (Kanwisher et al., 1997; Haxby et al., 2001; McCandliss et al., 2003) , and activated during picture object categorization (Ishai et al., 1999) , modality-independent lexical processing (DeLeon et al., 2007) and word-picture integration (Martin, 2007; Binder et al., 2009) . Finally, the olfactory regions of interest included piriform cortex, which is involved in odour quality coding, object recognition and olfactory perceptual learning (Gottfried, 2010; Wilson and Sullivan, 2011) , and mediodorsal thalamus, which receives direct inputs from piriform cortex (Yarita et al., 1980; Russchen et al., 1987) , is engaged during olfactory attentional processing (Plailly et al., 2008) and generates an error signal upon delivery of unpredicted versus predicted odours (Zelano et al., 2011) .
All of the regions of interest except the piriform cortex were defined according to the conventional parcellations implemented in the software package FreeSurfer (Fischl and Dale, 2000; Fischl et al., 2002) (Fig. 3) . FreeSurfer defines the temporal pole from the anterior portion of the temporal lobe (rostrally) to the entorhinal cortex (caudally), and medially from the medial aspect of the temporal lobe and laterally to the superior temporal sulcus (anteriorly) or the inferior temporal sulcus posteriorly (Desikan et al., 2006) . FreeSurfer does not have a region of interest for the piriform cortex, and therefore we created a region of interest centred on a seed coordinate where odour-evoked piriform activity tends to be maximal, as based on previous functional MRI research (Howard et al., 2009; Zelano et al., 2011) , and expanding 16 concentric circles in grey matter from this coordinate, using Freesurfer (Fig. 3) .
Cortical thickness measurements and their correlations with behavioural measures
To localize the brain areas subserving olfactory cognitive processing, we tested a series of correlations between cortical thickness and olfactory perceptual measures. Notably, the amount and distribution of atrophy varies widely across individual patients. Thus, to the extent that specific cortical regions are critical for different tasks, correlations between olfactory perceptual performance and cortical thickness measures should provide a robust method of specifying the functional anatomy of olfactory-language interactions (Rogalski et al., 2011a) . Subject-specific ratings of odour intensity and familiarity, odour naming, and odour matching (combined across picture-odour and word-odour matching) were each entered into these analyses, enabling us to survey the different component processes that factor into odour naming and matching. In that the set of odour stimuli systematically varied across categories of edibility and valence, we were also able to enter a proportional measure of within-category and between-category matching errors (as described above) into the correlation analysis.
Statistical analysis
Behavioural data were statistically analysed using SPSS 17 software. Group-level comparisons were carried out using ANOVAs and hierarchical regression analysis. Within-group analyses of associations between variables were carried out using correlation-based statistics. Spearman correlations (two-tailed) were used to identify associations.
Results
Non-semantic primary progressive aphasia . While all patients with non-semantic PPA had preserved word comprehension, they presented primarily 'logopenic' or 'agrammatic' symptoms, except for one patient who was regarded as 'unclassifiable' . These subgroups did not differ from each other in relevant demographic or performance measures (all Pvalues 4 0.1; Table 2), and were therefore collapsed into non-semantic PPA in further analyses.
Cortical thinning
Ten patients with non-semantic PPA completed MRI scanning (two of the patients had medical contraindications). Patients with non-semantic PPA showed evidence of cortical atrophy localized in the left lateral temporal cortex, bilateral temporoparietal junction and left inferior frontal gyrus (Fig. 3) . Cortical thickness in the temporal pole, inferior frontal gyrus, supramarginal gyrus and fusiform gyrus was significantly lower in the non-semantic PPA group compared with the MRI control reference group (all P values 5 0.05), and the cortical volume of mediodorsal thalamus was also lower in non-semantic PPA (P 5 0.05). Only the piriform cortex showed no difference in thickness between non-semantic PPA and the MRI control reference group (P = 0.411).
Baseline olfactory perception
Subjective mean ratings of odour intensity, pleasantness and edibility revealed no differences between patients with non-semantic PPA and control subjects (all P-values 4 0.20), suggesting that difficulties perceiving these basic olfactory features was unlikely to explain groupwise effects on odour naming and matching. There was a non-significant trend for patients to rate the odours as less familiar than the control subjects [F(1,22) = 3.512, P = 0.074], and odour discrimination was marginally impaired in the patient group [F(1,22) = 4.622, P = 0.043]. Given that the discrimination test requires participants to retain information about three items in mind, this latter impairment may partially reflect working memory deficits in olfaction (Lau et al., 2004 ).
Word and picture matching
Accuracy for reading the 16 words did not differ across groups [mean non-semantic PPA: 14.3; mean control group: 15.8; F(1,22) = 1.236, P = 0.278]. Note that one patient was unable to perform the reading task, and instead the experimenter read the words aloud while pointing to the corresponding words in the chart. This patient was, however, later able to match odours using the word chart (scoring 6 of 8), indicating no impairment in understanding the meanings of the words. Although most of the 16 pictures were identified in both control (mean 15.6) and patient (mean 14.3) groups, naming was slightly impaired in patients [F(1,22) = 5.991, P = 0.023]. However, all patients were able to match eight verbal word cues to picture objects with perfect accuracy. These results confirmed that multimodal knowledge for the test items was intact in these patients with non-semantic PPA, and that they performed only slightly worse than control subjects in reading and naming test-chart items.
Odour naming
Patients with non-semantic PPA showed severely impaired performance on the odour naming task (Fig. 4) : accuracy was 23 AE 19% (mean AE SD) for the patient group compared with 58 AE 17% for the control group, a highly significant effect [F(1,22) = 22.871, P 5 0.001]. Performance on this task did not correlate with sex, age or education (all P-values 4 0.1) in the overall sample and in patient and control groups when analysed separately (all P-values 4 0.1). Importantly, odour naming was not correlated with olfactory discrimination in either non-semantic PPA or control participants (P 4 0.6), suggesting that lower group-level accuracy on the discrimination test did not systematically influence naming performance in non-semantic PPA.
Odour matching
Odour identification in patients with non-semantic PPA substantially improved with the availability of word cues (70 AE 20%) and picture cues (69 AE 24%), with performance approaching control levels [word cues: 82 AE 14%, group difference effect: F(1,22) = 3.314, P = 0.082; picture cues: 83 AE 11%, group difference effect: F(1,22) = 3.769, P = 0.065; Fig. 4 ]. In support of the above results, a repeated-measures ANOVA with factors of group (patients with non-semantic PPA and control subjects) and odour task (naming, picture-odour matching, and word-odour matching) showed a main effect of group [F(1,22) = 12.603, P = 0.002], a main effect of odour task [F(1,22) = 73.373, P 5 0.001] and an interaction of group and odour task [F(1,22) = 5.828, P = 0.008]. The interaction effect constitutes evidence that relative to odour naming, the patient group benefited significantly more than control subjects from access to either picture cues (P = 0.002) or word cues (P = 0.011; Fig. 4) . The picture-odour and word-odour matching assessments yielded equal performance levels for both non-semantic PPA patient and control groups (P-values 4 0.70). Because an olfactory sensory impairment would have prevented patients from making such effective use of picture or word cues, these findings suggest instead that impaired access to odour names underlies the deficit in the odour naming test. To assess whether the limited performance range in the odour naming test prevented us from differentiating at the individual level, we correlated odour naming scores with odour matching scores (combined across matching tasks) in patient and control groups. These scores were positively correlated among patients, as well as among control subjects (P-values 5 0.05), suggesting that both the naming and matching tests accurately differentiate individuals of varying impairment.
As a method to estimate the relative magnitude of the olfactory naming impairment in non-semantic PPA, we calculated the Cohen's d effect sizes for odour naming and odour matching, BNT and MMSE tests by dividing the group mean differences (control and patients with non-semantic PPA) by the pooled standard deviation (SD) (Cohen, 1992) . According to Cohen's nomenclature, effect sizes $0.5 are considered moderate, and 40.8 are considered large (Cohen, 1992) . Although all tests yielded moderate to large effects (Fig. 4) , odour naming in patients with non-semantic PPA was notably more impaired ($50% worse, on average) than that of picture naming on the BNT. To the extent that naming odours is more difficult than naming pictures, we also addressed the possibility that task performance per se might have accounted for the effect-size differences between the odour naming test and the BNT. Specifically, because the picture items on the BNT are ordered in progressive difficulty, we recalculated the BNT effect-size based only on the last 10 (most difficult) pictures. Although difficulty increased as expected (BNT performance in control subjects dropped from 95.3% in the full test to 72.3% in the difficult subset), the effect-size did not increase, but decreased slightly from 1.29 to 1.05. Finally, to establish the specific association between group status (non-semantic PPA versus control subjects) and odour naming, we designed a hierarchical regression model that controlled for demographic variables (age, gender and education), olfactory performance (odour discrimination, word-odour matching and picture-odour matching), and visual object naming and reading (including the BNT, as well as naming pictures and reading words from our charts; Table 3 ). Results show that after each of these variables was taken into account, group status selectively contributed to the performance pattern on the odour naming task (P = 0.001). These findings converge on a robust association between non-semantic PPA and odour naming that is unlikely to be attributed to generalized naming, object recognition deficits or basic olfactory processing deficits, and instead suggests that odour naming ability is highly vulnerable to perturbations arising from neurodegenerative changes in the language network.
Within-category errors were calculated as a fraction of the total number of odour-matching errors (collapsed across picture and word cues). In total, the frequency of within-category mismatches (out of all mismatches) exceeded that of chance (20%) in both non-semantic PPA (25 within-category errors out of a total of 60 mismatches = 46%) and control participants (18 within-category errors out of a total of 33 mismatches = 54%).
Magnetic resonance imaging correlation analysis
Based on the olfactory perceptual and cognitive profiles observed in non-semantic PPA, the next step was to map these behavioural variables onto their cortical and subcortical substrates. On a patient-by-patient basis MRI measurements of cortical thickness from olfactory (piriform cortex), lexical-semantic (inferior frontal gyrus, supramarginal gyrus, temporal pole), and visual associative (fusiform gyrus) regions of interest were regressed against the behavioural test measures, including: (i) mean ratings of odour familiarity, which engages olfactory semantic memory and object recognition, but not explicit object identification or overt word production; (ii) odour naming, which requires integrating olfactory information with semantic representations, explicit name retrieval, and verbal production; (iii) odour matching (average of word-cued and picture-cued tasks), which places demands on odour-visual integration but not naming; (iv) the number of within-versus between-category errors in the odour matching tasks (collapsed across word-cued and picture-cued tasks); and (v) mean ratings of odour intensity, as an olfactory control, given that it should minimally engage knowledge-based odour memory and language systems. Insofar as patients with impaired olfactory sensitivity would perceive odours as less intense (e.g. Murphy, 1993) , this last task was also included to assess whether impaired olfaction at the peripheral sensory level could otherwise account for the naming-related correlations observed with the other perceptual tests.
Results of the correlation analysis revealed distinct associations between specific behavioural tasks and cortical regions in the non-semantic PPA group. In the temporal pole, cortical thickness was significantly correlated with odour familiarity (r = 0.94) and odour matching (r = 0.70), but were not strongly associated with the other olfactory measures (Fig. 5) . Thus, more pronounced volume loss (cortical thinning) in the temporal pole was associated with a greater tendency to evaluate the set of eight odours as unfamiliar (unrecognizable), and with a greater inability to utilize visually-based semantic information to guide odour object recognition (matching).
Different correlation profiles were observed within the other regions of interest (Table 3) . Other than the temporal pole, no other region was associated with odour familiarity. Cortical thickness measures in the fusiform gyrus and inferior frontal gyrus also correlated with odour matching, whereas the inferior frontal gyrus was the only region correlating with odour naming performance. The cortical volume of the mediodorsal thalamus correlated exclusively with error types on the odour matching tasks, such that patients with smaller thalamic volumes exhibited a higher proportion of between-category matching errors, implying a greater inability to refine performance on the basis of error information. Notably, thickness measures of supramarginal gyrus and piriform cortex were not strongly correlated with any behavioural measure. The lack of mean-level cortical thinning in piriform cortex indicated that this region is relatively unaffected in non-semantic PPA. Odour intensity ratings did not correlate significantly with any of the specified regions, despite a wide variation in the subject sample. Follow-up analyses further revealed that age had no influence on any observed associations between cortical thickness and behavioural variables. The b weights are the standardized regression coefficients at each step.
Comparison with semantic primary progressive aphasia
To the extent that the temporal pole may mediate access of odour representations to transmodal object representations, we reasoned that olfactory naming and matching deficits would be prominent in patients with semantic PPA, whose atrophy is severe in this brain region. Therefore, in a complementary analysis, we characterized MRI cortical thinning and olfactory behavioural performance in a group of eight patients with semantic PPA (Table 5 ). The pattern of cortical thinning in the semantic PPA group (compared with the MRI control reference group) was similar to that of non-semantic PPA, but with the addition of pronounced cortical thinning bilaterally in the temporal pole, and in the left orbitofrontal cortex (Fig. 6 ).
In comparison with control subjects, patients with semantic PPA exhibited marked impairments in visual object naming as assessed by the BNT (P 5 0.001). Patients were impaired in both odour naming (P 5 0.001) and odour matching (P 5 0.001), similar to previous reports in semantic dementia and frontotemporal lobar degeneration (Luzzi et al., 2007; Rami et al., 2007; PiwnicaWorms et al., 2010) , as well as odour familiarity ratings (P = 0.001). As expected, semantic PPA performance on most of these measures was significantly lower even when compared with non-semantic PPA (naming: P = 0.006; odour-cued matching: P 5 0.001; familiarity: P = 0.131), even though both PPA groups performed at equal levels on the odour discrimination task (P = 0.771). Along these lines, patients with semantic PPA showed minimal improvement upon access to word or picture cues, with significantly smaller gains from odour naming to odour matching in comparison with the patients with nonsemantic PPA (interaction effect of group-by-odour task; P = 0.007). Finally, the proportion of within-category mismatches approached the 20% chance-level (15 within-category errors out of a total of 58 mismatches = 26%), a profile strikingly different from non-semantic PPA. Together these results reinforce the notion that the temporal pole mediates access of odour representations to transmodal object representations in the language network. Note that because the patients with semantic PPA showed generalized deficits in both olfactory and non-olfactory cognitive tasks, presumably as a consequence of severe and uniform atrophy in the anterior temporal lobes, parametric brain-behaviour correlations for semantic PPA were generally uninterpretable. That temporal pole cortical thickness in semantic PPA was 50% of temporal pole cortical thickness in non-semantic PPA, with a standard deviation across patients of 36% compared with that of non-semantic PPA, strongly suggests that the semantic PPA group had profound temporopolar atrophy that varied little across patients. Such striking differences between semantic and nonsemantic PPA were not observed in any other region of interest.
Discussion
The naming of common everyday odours without the benefit of contextual cues can be extremely challenging (Cain, 1979) . That olfactory anomia is manifest even in young healthy individuals raises important questions about why odour objects are so hard to verbalize. Here, we investigated the neurocognitive mechanisms underlying olfactory naming, utilizing PPA as an effective 'lesion model' of language function. Compared with an age-matched group, patients with non-semantic PPA demonstrated a profound impairment in retrieving the name of an odour even when they could recognize the word or picture representing that odour in a multiple-choice task. The same patients had no comparable difficulty in retrieving the name of pictures of the corresponding objects, thus reflecting the selective difficulty of using olfactory cues to verbalize the corresponding lexical label. Taken together, our findings indicate that in non-semantic PPA, olfactory afferent pathways and lexical-semantic representations are both intact, pointing instead towards a fundamental disconnection syndrome that limits access of olfactory representations to the language network. As a consequence of the neuronal loss in PPA, the remaining connections can still support the informatically less challenging task of olfactory lexical recognition (matching), but not the more taxing task of olfactory lexical retrieval (naming). An analogous process, attributed to a weakening of the putative pre-lexical 'lemma', has been observed in the visual object naming performance of non-semantic PPA variants (Hurley et al., 2012) .
Because patients with PPA typically display greater anomia and word-finding problems for lower-frequency visual and verbal items (Patterson et al., 2006) , it could be argued that the use of uncommon or atypical olfactory stimuli resulted in poorer performance on the odour naming tasks, compared with the picture naming task (i.e. BNT). However, confining our analysis to the 10 lowest-frequency items on the BNT resulted in no increase in effect-size (Fig. 4B) . Furthermore, all odours were based on common, easily recognizable objects and were rated as highly familiar by the control participants (Table 1 ). This pattern of results suggests that odour naming-a task that is already effortful in healthy individuals-is particularly vulnerable to further disruption as a consequence of early neurodegenerative changes in the language network.
Concurrent MRI measurements of cortical thickness in the patient group enabled us to identify some of the key structures underpinning olfactory processing from odour input to naming and recognition. Based on previous anatomical work, we hypothesized that an odour-language interface may exist in the temporal pole, a region of sensory multisensory convergence (Markowitsch et al., 1985; Moran et al., 1987) that may serve as an associative link to heteromodal object representations (Mesulam et al., 2009a; Schwartz et al., 2009; Hurley et al., 2012; Mesulam et al., 2013) . The temporal pole has access to odour information relatively early in the olfactory processing stream (cf. Fig. 2 ), receiving direct short-fibre projections from piriform cortex, and at the same time receiving visual and auditory associative information (Moran et al., 1987; Russchen et al., 1987) , making it an ideal bridge between olfactory and transmodal networks.
Patient-and region-specific measures of cortical atrophy in non-semantic PPA revealed that temporal pole thickness was robustly correlated with both odour familiarity scores (r = 0.94) and odour matching (r = 0.70). Importantly, all of the odours used in our study corresponded with common everyday smells that the patients with PPA would have likely experienced many times in the past. Therefore, the tendency to rate these odours as familiar, i.e. to recognize these odours as familiar objects, depends on linking olfactory cortical representations (e.g. peanut butter smell) to transmodal knowledge-based representations (e.g. can be eaten with bread and jam; sticks to the roof of your mouth; former US President Jimmy Carter's farm crop). It follows that patients with extensive temporal lobe atrophy, such as those with semantic PPA, should have correspondingly greater impairments in odour familiarity, naming, and matching (Fig. 6) . Our results thus support the idea that the temporal pole constitutes an associative node where representations of odour objects (as well as other objects) gain access to their experientially stored associations. With greater atrophy in temporal pole, olfactory information becomes increasingly disconnected from stored transmodal representations, making it difficult to determine whether the odours are recognizable and familiar objects (Luzzi et al., 2007; Plailly et al., 2007; Rami et al., 2007; Piwnica-Worms et al., 2010) . Ultimately, whether the temporal pole is acting like a throughput gateway to link sensory representations with concepts distributed elsewhere in the brain (Mesulam et al., 2013) , or has a more active role as a storage hub that integrates information across different sensory inputs (Patterson et al., 2007) , is presently unclear, though in either case it appears that the temporal pole makes a critical contribution to the instantiation of knowledge-based olfactory representations.
A breakdown in olfactory associations could arise from direct degradation of upstream odour representations in piriform cortex (Zatorre et al., 1992; Jones-Gotman et al., 1997) . This is unlikely, given that patients with non-semantic PPA improved their olfactory performance significantly more than control subjects upon access to visual cues, which would be difficult to achieve with an olfactory-sensory impairment. It should also be noted that cortical thinning in the piriform cortex was not detected in non-semantic PPA relative to control subjects, and that piriform cortex cortical thickness did not significantly correlate with performance on any of the olfactory tasks (Table 4 ). Alternatively, it is possible that degradation at the level of non-olfactory associations could also compromise performance on olfactory tasks. However, as noted above, the ability of patients with non-semantic PPA to correctly name and identify the picture objects suggests that multimodal representations of these specific items were essentially intact even though odour naming was impaired.
Interestingly, odour matching performance in the non-semantic PPA group correlated with thickness measures not only in temporal pole, but also in fusiform gyrus and inferior frontal gyrus. These findings suggest recruitment of the object recognition and language networks when multimodal associations of an odour need to be accessed. The need to bring together olfactory and visual inputs and to link transmodal representations would be optimized with the participation of the temporal pole, based on its anatomical connectivity as depicted in Fig. 2 (Moran et al., 1987) . In this scheme, the medial dorsal thalamus might help constrain the set of viable options by biasing the system away from unlikely (out of category) matches, which would be broadly compatible with its involvement in olfactory attention and prediction error signalling (Plailly et al., 2008; Tham et al., 2011) . With olfactory input arriving from piriform cortex and higher-order associative input arriving from temporal pole, the medial dorsal thalamus would be in an ideal position to compare these inputs and generate an error signal for guiding successful odour recognition. This concept of top-down predictions refining perception of bottom-up projections has been proposed to explain information processing in the visual system (Rao and Ballard, 1999; Spratling, 2008; Summerfield and Egner, 2009 ). In semantic PPA, the observed breakdown of odour categories might thus be explained by their severe temporal pole atrophy, which would effectively abolish communication with the medial dorsal thalamus.
Amongst all of the cortical regions of interest, the inferior frontal gyrus was implicated in odour naming (r = 0.84). Insofar as the inferior frontal gyrus plays an important role in retrieval of lexical-semantic information and in selection of competing semantic alternatives, we propose that an under-specification of the mapping of odours to lexical-semantic representations places greater processing demands on inferior frontal gyrus at the verbalization stage (Herz and Engen, 1996) . Congruent with this proposal, human imaging data suggest that a working-memory buffer compared to an MRI control reference group. Red and yellow areas designate significant sites of thinning (atrophy) in patients compared to control subjects, depicted on left hemisphere and right hemisphere lateral views. Significance was set at FDR 0.01 and displayed as À log 10 (p) values on the flame scale. (B) Group-level behavioral performance on uncued odour naming, as well as picture-cued and wordcued odour matching (mean AE SE), is plotted beside the data from the non-semantic PPA patients and control subjects (from Fig. 4A ) for comparison. FG = fusiform gyrus; IFG = inferior frontal gyrus; MDT = mediodorsal thalamus; PCx = piriform cortex; PPA-NS = non-semantic PPA; SMG = supramarginal gyrus; TP = temporal pole. *P 5 0.05; **P 5 0.01; ***P 5 0.001 (Spearman correlations, two-tailed).
specifically for nameable odours elicits the participation of the inferior frontal gyrus, where lexical-semantic information can be maintained in a phonological loop in advance of articulating veridical odour names (Savic and Berglund, 2004; Zelano et al., 2009) . That being said, it is important to note that the cortical findings were based on a modest patient sample size; thus, some of the non-significant correlations in Table 4 might reflect type II (false negative) error and should be interpreted with caution. Assuming that the temporal pole helps to bridge the olfactory and language systems, it is worth speculating why odour object identification and naming in healthy individuals is so impoverished, particularly in comparison with visual object naming. In the olfactory system, odour information is minimally elaborated before arriving at the temporal pole, with only three intervening synapses: from olfactory receptor neurons to olfactory bulb, olfactory bulb to piriform cortex, piriform cortex to temporal pole. Thus, the temporal pole would present relatively coarse and unprocessed odour object information to the lexical-semantic network, leading to mapping imprecision and object mismatches. By comparison, in the visual system, information is substantially trafficked through multiple unimodal areas prior to reaching the temporal pole. Because of these additional synapses in unimodal cortices, visual object representations have greater associative depth and robustness to facilitate interactions with the language network.
This difference in the extent of unimodal areas available for object processing-many in the visual system, few in the olfactory system-helps explain why odour identification is so much more vulnerable to perceptual ambiguity. An associative perceptual problem, such as naming the picture of a wet dog, can be solved through a large number of alternative pathways (i.e. has more redundancy), compared with the analogous problem of naming the smell of a wet dog. This processing dilemma may reflect the evolutionary legacy of olfaction, well-designed to support limbic-based adaptive behaviour, but poorly constructed to partner with perisylvian language regions that evolved much later. The results presented here provide a starting point for future studies aiming to understand not only how the brain translates odour inputs into odour names, but also more generally, how limbic and paralimbic areas interface with cortical centres to modulate perception, language and other cognitive functions.
